Although we are still a long way from being able to predict the details of protein structure from the underlying chemistry, slow but steady progress is being made at modeling structural features by recognizing the patterns that connect sequence to structure.
The prediction methods used by most of the research groups at the meeting involve searching the enormous databases of protein sequences, and the much smaller database of protein structures, for patterns that may connect a target protein's sequence to one or more known structures. These methods can be grouped under the label of 'fold recognition', as their first task is to recognize which of all the characterized folds, if any, most closely resembles the unknown fold of the target protein. And from the results presented at CASP2, it is clear that many of the patterns connecting sequence to structure have been identified. Not only can these patterns be used to predict the fold family of proteins of unknown structure, in favorable circumstances they can be used to model specific structural details before the structure is determined experimentally.
Fold recognition by sequence homology
By far the simplest and most informative pattern for fold recognition is sequence homology -a statistically significant similarity in amino-acid sequence that indicates the target protein must bear an evolutionary relationship to one or more proteins. As the chain segments within homologous proteins that are similar in sequence are invariably very similar in structure, the identification of a homolog of known structure definitively establishes the fold of the target protein.
In this situation, the real challenge becomes to build a high-resolution model of the target protein that correctly predicts the structural consequences of its divergence in sequence from the homolog 'template' [3] . The first step in the model-building process is to optimize the alignment between the target protein and its closest homolog. For this purpose, the sequences of other homologous proteins, whose structures may not be known, often prove useful. In a global alignment of a family of homologous proteins, the most conserved, and therefore most easily aligned, sequences often point to the central structural features, whereas the least conserved sequences usually define loops or segments on the surface of the protein.
In the second step, the most conserved segments of the target, usually alpha helices and beta strands, are assigned the same structure as the corresponding segments in the template. Loops -the less conserved segments -are then added to connect the core segments, side chains are substituted to convert the template sequence into that of the target, and finally the structure is optimized locally by an energy-based refinement method.
In the months leading up to the CASP2 meeting, nine target proteins were made available for such comparative modeling, and twenty-one research groups responded to the challenge by submitting one or more models. As the level of sequence identity to a homolog of known structure varied from 15-85%, this set of targets presented a range of challenges that tested different aspects of the modelbuilding process. The accuracy of each model was quantitatively analyzed by structural comparison with the correct structure determined by X-ray or NMR methods. I shall only describe some of the conclusions and impressions offered by conference participants.
Overall, there was a sense that comparative modeling methods have improved somewhat, primarily because greater attention is now paid to optimizing the alignment of the target sequence to the template structure. Mistakes at this first, and most critical, step cannot yet be corrected in subsequent steps. Comparison of the level of success achieved by different methods leads to one dominant conclusion: the more structural details the model inherits directly from one (or several) templates, the more accurate the model will be. This point was brought home by the realization that when the target sequence was realigned on the template structure using, as a guide, the experimental structure of the target -which was unknown at the time of the original prediction -the resulting model was in almost all cases better than the best comparative model, which typically included small alignment errors.
Three other general observations appear to be corollaries of this rule of maximal inheritance of homologous structural details. The correctness of loop structures was usually low when there was significant variation in length or in sequence with respect to the loops of the template protein(s). Refinement by molecular dynamics, energy minimization or some other global optimization scheme seldom improved the accuracy of a model, and in most cases made it worse. And finally, it was felt that comparative model building breaks down severely when there is less than 20% sequence identity. Much of the problem in this situation arises from large errors that occur in the very uncertain alignment of the target sequence to that of the template.
Fold recognition by sequence-structure compatibility
In the absence of sufficient sequence identity to recognize the fold of the target protein, recourse can be made to a second strategy, commonly known as 'threading' [4, 5] . Instead of trying to align the target protein's sequence to that of a potential template protein, the sequence of the target protein is threaded through a representation of a fold, which is based on the sequence(s) and/or structure(s) of members of that fold family. At each step in the process, an estimate is made of the compatibility of the sequence to the representation. In effect, many questions are asked at each trial alignment. Does the target sequence correspond well to the structural features of the fold? Are the hydrophobic residues buried? Do residues in a helix have a high helix propensity? And so on. Unlike the methods that are based on sequence homology, in this approach it is recognizing the correct fold, not building a detailed model, that is the principal challenge.
Threading methods can be grouped into three classes based on the representation of the fold [4] . In the simplest class, the fold is represented as a one-dimensional array of probabilities for each of the twenty amino acids occurring at each position in the fold, derived from the sequences of the members of the fold family. In a second class, the fold is represented as a one-dimensional array of descriptors of the environment of each residue in the three-dimensional fold. And in the most sophisticated class, the three-dimensional fold is represented by itself, permitting quantitative analysis of the spatial relationships between residues. At the CASP2 meeting only one new threading method was implemented. This new approach, based on the most sophisticated neural network known -the human brain -is particularly important because, by some criteria, it outperformed all earlier methods.
A total of eighteen target sequences were provided in the threading category challenge, only six of which turned out to possess previously known folds. Thirty-four groups accepted the challenge, which consisted of providing a hit list of predicted folds for each target, along with the best alignment of the target sequence on each fold. If more than one fold was included in the hit list, a weight or confidence level was assigned to each. Assessment of the performance of different methods was not straightforward. For example, it was not always clear which, if any, known fold most closely corresponded to a target's structure.
Nevertheless, quite noteworthy performances were posted by several participating groups. Alexey Murzin, an author of the SCOP classification of protein structure [6] , successfully identified the fold classification for all five of the targets with known folds that he attempted. In addition, for all other targets attempted, he correctly concluded that each possessed a novel fold. Using his background knowledge of protein structure, sequence and function, Murzin was able to recognize distinctive patterns in the name, function, length and sequence of each target protein, allowing him to relate it to the correct SCOP fold subfamily. A second research group that combined the results of five different threading methods to arrive at a 'best' prediction (as judged subjectively) also did remarkably well -scoring five or six out of six, depending on the criteria used. More rigorous methods based on empirical potentials [7] , and requiring no human intervention, also showed evidence of improvement (see Fig. 1 ). In general, participants felt that progress has been made in improved alignments; the target sequence was often fairly accurately positioned on the template structure in the lowest energy alignment to the 'hit' structure(s).
Fold prediction, or ab initio, methods
In this category, the challenge is to predict the structure of the target protein when its sequence is not similar to any protein of known structure and it cannot be successfully threaded on a known structure [8] . This is always the situation when the target protein defines a new fold. A wide range of approaches were represented at CASP2. At one end of the spectrum, methods employed techniques quite similar to those described above, in which extensive use is made of recognizing sequence-structure patterns present in protein databases. At the other end were the traditional ab initio 'heavy numbers' methods, which attempt to mimic within a computer the physical process of protein folding: an algorithm for generating conformations is coupled to an energy function, and millions of conformations are searched in an effort to find the one lowest in energy.
Of the thirty-four proteins submitted to the CASP2 competition, twelve remained after those with recognizable folds were removed. Unfortunately, even though many laboratories around the world are pursuing heavy numbers computational approaches to protein folding, fewer than ten groups submitted predictions to the Asilomar competition. In several cases, segments of secondary structure were correctly predicted, and occasionally features of super-secondary structure and global topology appeared to be approximately correct. But overall, there was a clear impression that this class of methods has a long way to go in order to begin to achieve reliable results, especially with proteins longer than 100 amino acids.
Pattern recognition methods consistently identified some features of target proteins with new folds. For example, the neural-network-based secondary-structure prediction program PHD [9] achieved a 74% success rate in assigning amino acids to one of the three classes: helix, sheet or loop. Importantly, the large majority of prediction errors involved defining the precise ends of helices and sheets; the more serious errors of calling a helix a strand, or a strand a helix, were relatively infrequent. As a consequence, a number of ab initio strategies are being developed to pack segments of predicted secondary structure, either by pattern recognition or by using more traditional conformational search/energy evaluation methods. In the near future, it seems likely that such hybrid approaches will begin to meet with more consistent successes.
Docking
The new category in the CASP2 competition was 'docking', in which the challenge is successfully to 'dock' or position a small molecule ligand or another protein into its binding site, as defined by crystallography or NMR methods [10, 11] . As this type of prediction plays a central role in rational drug design, a great deal of interest and effort in docking programs have come from the pharmaceutical industry. Somewhat surprisingly, only nine research groups entered models of the seven proteinligand targets, and only four groups entered models of the single target involving protein-protein docking.
The protein-ligand targets represented a range of relatively easy challenges, with five of the targets consisting of protease-inhibitor complexes (three with elastase, two with trypsin) and none requiring de novo identification of the inhibitor binding site on the protein. The single protein-protein target, a complex between influenza hemagglutinin and an antibody, was felt to be quite a difficult challenge, accounting in part for the small number of models submitted.
For each target, at least one method yielded a model close to the X-ray crystal structure of the complex, yet no one method clearly stood out as the best. In each case, there was a distribution in the quantitative agreement between models and the real structure that had some of the features one would expect for a random distribution. Several groups expressed disappointment with their methods and surprise at the overall low accuracy of their models. But then the recent experience of docking algorithms in predicting the details of enzyme-inhibitor complexes has not been lacking in surprises [11] .
Conclusions
It appears that fold recognition may soon be a solved problem. Progress in the past two years has come entirely from methods that build upon patterns present in the databases of protein sequences and structures. As these databases are growing at a rapid pace, the success rate for correctly assigning a protein with a previously defined fold to its proper class can only increase from its current high level. The slow but steady progress in building models of a protein once its fold has been defined is also likely to continue for the same reason: pattern recognition, which provides the most reliable route to a good model, still has room for improvement.
But in the areas of ab initio heavy numbers structure prediction, high-precision model building and docking, progress does not depend on improved pattern recognition. Instead, it depends on incorporating the correct quantitative chemistry into the computer programs that calculate the correspondence between structure and energy. In these three areas, significant progress must await new scientific insights and advances. Given the very modest level of success achieved in blind predictions in these categories at the CASP2 meeting, new insights and approaches are desperately needed.
CASP3, the next assessment meeting, is scheduled for December 1998. For readers interested in more details, a special issue of the journal Proteins: Structure, Function and Genetics devoted to the results presented at CASP2 will appear in the second half of 1997. The results of CASP1 were published in 1995 [1] .
